SMC-TR-00-19 AEROSPACE REPORT NO.
TR-2000(8565)-5

Emission Spectra of Hydrogen-Seeded
Helium Arcjets

21 March 2000

Prepared by

R.P. WELLE

Propulsion Science and Experimental Mechanics Department
Space Materials Laboratory

Laboratory Operations

Prepared for

SPACE AND MISSILE SYSTEMS CENTER
AIR FORCE MATERIEL COMMAND

2430 E. El Segundo Boulevard

Los Angeles Air Force Base, CA 90245

Engineering and Technology Group

APPROVED FOR PUBLIC RELEASE;
@ THE AEROSPACE DISTRIBUTION UNLIMITED

CORPORATION o i 8

vty TS T VY DGR EOEE

| Segundo, California  [ERCCISESEEEES 20000815 066




This report was submitted by The Aerospace Corporation, El Segundo, CA 90245-4691, under
Contract No. F04701-93-C-0094 with the Space and Missile Systems Center, 2430 E. El Segundo
Blvd., Los Angeles Air Force Base, CA 90245. It was reviewed and approved for The Aerospace
Corporation by P. D. Fleischauer, Principal Director, Space Materials Laboratory. Michael Zambrana
was the project officer for the Mission-Oriented Investigation and Experimentation (MOIE) program.

This report has been reviewed by the Public Affairs Office (PAS) and is releasable to the Nationai
Technical Information Service (NTIS). At NTIS, it will be available to the general public, including

foreign nationals.

This technical report has been reviewed and is approved for publication. Publication of this report
does not constitute Air Force approval of the report's findings or conclusions. It is published only for

the exchange and stimulation of ideas.

/" Michael Zambrana
SMC/AXE




REPORT DOCUMENTATION PAGE Form Approved s

Public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering
and maintaining the data needed, and completing and reviewing the collection of information. Send comments regarding this burden estimate or any other aspect of this collection of
information, including suggestions for reducing this burden to Washington Headquarters Services, Directorate for Information Operations and Reports, 1215 Jefferson Davis Highway, Suite
1204, Arlington, VA 22202-4302, and to the Office of Management and Budget, Paperwork Reduction Project (0704-0188), Washington, DC 20503.

1. AGENCY USE ONLY (Leave blank) 2. REPORT DATE 3. REPORT TYPE AND DATES COVERED
21 March 2000
4. TITLE AND SUBTITLE 5. FUNDING NUMBERS
Emission Spectra of Hydrogen-Seeded Helium Arcjets
F04701-93-C-0094
6. AUTHOR(S)
Welle, R. P.

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION
The Aerospace Corporation REPORT NUMBER
Laboratory Operations TR-2000(8565)-5
El Segundo, CA 90245-4691

9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSORING/MONITORING
Space and Missile Systems Center AGENCY REPORT NUMBER
Air Force Materiel Command
2430 E. El Segundo Boulevard SMC-TR-00-19
Los Angeles Air Force Base, CA 90245

11. SUPPLEMENTARY NOTES

12a. DISTRIBUTION/AVAILABILITY STATEMENT 12b. DISTRIBUTION CODE

Approved for public release; distribution unlimited

13. ABSTRACT (Maximum 200 words)

With currently available space electric power systems, the optimum specific impulse for electrically
propelled satellite transfers from low Earth orbit to geosynchronous Earth orbit appears to be in the
1000 to 1200 second range. Arcjets operating with helium as a propellant may be the most efficient
electric thruster capable of operating in this specific impulse range. This work reports on a recent set
of experiments in which emission spectra of the plume of a helium arcjet were acquired and
analyzed to obtain information on the internal energy modes of the arcjet. Of particular interest is
the population of electronically excited helium states, as these carry a large energy, and would have
a significant negative impact on arcjet performance if highly populated. Experiments were
conducted using pure helium as a propellant, and using helium seeded with small amounts (< 5%)
hydrogen. Data are presented which show that the intensity of emissions from the excited helium
states falls off rapidly as the hydrogen concentration is increased. Electron temperatures, as
determined by Boltzman plots of three different series of helium lines, remain constant within limits
of uncertainty as the hydrogen concentration is varied. It is also observed that, as a function of
distance from the exit plane, the emission intensities of several lines in the helium spectrum fall off
proportionally, indicating that the emission observed does not derive from re-emission of photons
originating in the arc which were absorbed by the plume.

14. SUBJECT TERMS 15. NUMBER OF PAGES
Arcjets Helium 15
Electric propulsion Spectroscopy 16. PRICE CODE

17. SECURITY CLASSIFICATION |18. SECURITY CLASSIFICATION |19. SECURITY CLASSIFICATION | 20. LIMITATION OF ABSTRACT
OF REPORT OF THIS PAGE OF ABSTRACT
UNCLASSIFIED UNCLASSIFIED UNCLASSIFIED

Standard Form 298 (Rev. 2-89)
Prescribed by ANSI Std. Z39-18
298-102

NSN 7540-01-280-5500




i SESRCE S

©oN®

Contents

Introduction and Background........ ... ... . .. 1
Previous Helium Arcjet Work ... o 5
Experiment Description . ... ..o e e 6
Experimental Results .. ... i e 7
Summary and Conclusions .. ... ...ttt e 13
REfOIenCes . ..ot e 14
Figures

Grotrian Diagram of the neutral helium atom, from reference 4............... 3
Emission spectrum of the arcjet operating on pure helium. .................. 7
Emission spectrum of the arcjet operating on helium with hydrogen

seeded at 5.6% by MaSS. ...\ttt e 8
Emission from the 4'P-21S, 4! D-2'P, 43P-23S, and 43S-2°P lines of

helium as a function of hydrogen flowrate. ........... ... ..., 8
Detail of the emission spectrum of the pure helium arcjet showing several

series of emission lines. ........ ..o e 9
Representative Boltzmann plot. . ... i i 9
Plume electron temperature as a function of hydrogen flow rate. ............ 10
Plume electron temperature as a function of axial position.................. 11

Emission intensity of the 4! P-21S, 4'D-2!P, 43P-23S, and 4°D-2°P lines
of helium as a function of distance from the nozzle throat, as compared
£0 @ 1/1% AOCAY. « v e v ettt e e e e 11

iii




" 1. Introduction and Background

Continuing developments in electric propulsion are making it increasingly attractive for satellite
operations. Beyond the launch of satellites from the Earth’s surface to low Earth orbit, there are
two main space propulsion applications; controlling satellite attitude and position, and transferring
satellites from one orbit to another.! Orbital transfer applications are characterized by one-time
velocity changes whose magnitude depends on the orbital parameters of the initial and final orbits.
The most common orbital transfer is the transfer from low Earth orbit to geosynchronous Earth orbit,
the LEO-to-GEO transfer. Analyses considering the cost of electric power in space and propulsion
efficiency usually determine that the optimum specific impulse for the LEO-to-GEO transfer is
1000-1200 seconds.

Electric propulsion options include several different classes of engines, as well as various propellants.
Ton engines typically operate with specific impulses in the 3000 to 10000 second range, well above
the optimum specific impulse for the LEO to GEO transfer. The Stationary Plasma Thruster
(SPT), can operate in the 1500 to 2000 second Isp range, but the efficiency is typically about 50%.2
Another disadvantage of the SPT is that the beam is highly divergent, which leads to concerns
about spacecraft contamination.® Arcjets typically operate at specific impulses between 500 and
1200 seconds, with electrical efficiencies of about 50%.

Arcjets operate by heating a gas with an electric arc, and expanding the heated gas through a
converging-diverging nozzle to produce thrust. A typical arcjet design is cylindrically symmetric,
with a central cathode, and an anode in the shape of a nozzle. A gas flows through the region
between the cathode and anode, exhausting through the converging/diverging nozzle to provide
thrust. An electric arc is struck between the electrodes, with the anode arc attachment normally
downstream of the constriction in the nozzle. The gas is heated either by passing through, or mixing
with gas which has passed through, the arc. Arcjets can operate on a variety of propellants. For the
LEO-to-GEO transfer, likely propellants include hydrogen and ammonia.*3:¢ Helium has also been
considered as a propellant for this application because of the potential for much higher efficiency
with arcjets operating on helium.

Performance in electric propulsion systems is measured in terms of two parameters, the specific im-
pulse and the electrical efficiency.” The specific impulse (Isp) of an electrothermal rocket is directly
proportional to its exhaust speed. To increase exhaust speed, and therefore Isp, arcjets use elec-
tric power to heat a propellant, which then undergoes a thermal expansion through a converging-
diverging nozzle to accelerate the propellant. The exhaust speed of an ideal thermal expansion
through a supersonic nozzle is proportional to \/W where T is the plenum temperature of the
gas, and M is the molecular weight. This proportionality is strictly true only for ideal gases. As
the temperature increases, the effects of chemistry, electronic excitation, or ionization will influence
the energy available for propulsion. In any case, higher specific impulses are clearly obtained by
increasing the temperature and decreasing the molecular weight of the gas. The practical upper
limits on temperature are determined by the characteristics of the heat transfer from the gas to the
thruster body, and by the properties of the thruster body materials. The practical lower limit on the
molecular weight is 1 AMU with atomic hydrogen; this is the reason hydrogen is often the preferred
propellant for arcjets. ‘




The electrical efficiency of an arcjet is the ratio between thrust power and electrical input power:
n=—=. (1)

The thrust power is defined as

mul  F?
5 =5 2)

where 77 is the propellant mass flow rate, and u. is the exhaust speed of a uniform propellant stream

which would provide the thrust F. Thus, the efficiency is given by

Pr=

F'Z
= 2P

n (3)

Inefficiencies in arcjet thrusters include any path by which power is lost from the arcjet other than
the thrust. Principal paths include heat transfer to the arcjet body which is not recovered by
regenerative cooling, nozzle inefficiencies which result in non-directed kinetic energy in the exhaust
plume, and frozen flow losses due to atomic or molecular excitation and ionization, and unrecovered
dissociation energy. The relative importance of these loss mechanisms depends on the properties of
the propellant and on the operating conditions of the arcjet.

Frozen flow losses include electronic, vibrational, and rotational excitation of the exhaust species, as
well as any energy which may be required for dissociation. These losses occur because of the failure
of atoms, electrons, and ions to recombine and relax during their residence time in the nozzle. The
associated energies are not recoverable and are “frozen” into the flow. Under the conditions typical
of arcjets, freezing takes place at the throat.® The significance of this loss mechanism depends on
the properties of the propellant gas. For a diatomic gas like hydrogen, vibrational and rotational
states are excited at relatively low temperatures; as the temperature increases, electronic excitation,
dissociation, and ionization will increase. For a monatomic gas such as helium, there are no rotational
or vibrational modes, as well as no dissociation. Additionally, with helium, electronic excitation
and ionization take place at much higher temperatures than in any other gas, including hydrogen.
Because of this, the theoretical frozen flow efficiency of helium is significantly higher than other gases
in a specific impulse range of 1000 to 1400 seconds.® Operating at a specific impulse of 1200 seconds,
a hydrogen arcjet should have a frozen flow efficiency near 0.4, and this will be the dominant loss
mechanism. A combination of experimental and numerical work by Hoskins et. al.}? showed frozen
flow losses in a 10 kW class hydrogen arcjet to be between 30 and 40% of the input power. At the
same specific impulse, a helium arcjet should have a frozen flow efficiency above 0.9. Since 1200
seconds is considered an optimum specific impulse for the LEO-to-GEO transfer, helium could have
significant potential as a propellant for this application.

Except for ionization, the only frozen flow loss path in the helium arcjet is in electronic excitation of
helium atoms. Figure 1 is the Grotrian Diagram of helium showing the energy levels of the various
excited states, and the allowed electronic transitions among the lower energy states.!! The 2!S and
935 states have no allowed electronic transitions to lower states, and are termed metastable. The
allowed electronic transitions occur with upper state lifetimes short compared to the 1-10 us residence
time of the propellant in the arcjet, while the lifetimes of the two metastable states are long compared
to arcjet residence times. One might therefore expect that essentially all of the electronically excited
helium atoms in the arcjet plume will be in one of the two metastable states. Continuing emission
from the non-metastable states in the plume implies that there is some mechanism operating for

2




-, 0%
-, 01x21
-, 0181
5
ood ) r'160$
1 w
ot o N " (o) -, O1x 61
2'enp (row 696l (O gokzi
seral % $862! ygpez e8¢y ouery
eeng—L 0'Zos .o...sn/P 218 & g (05 A
126919y g1e0l wan9~ s 0129 s 09 @9 mo 09\ s
.~.n.:m \ / :..~..nz. s .o...~<./|\. AN &I\ 1 .:n/l\. oI
. R'e :.M., r 28\, o088~ (€18~ {218 \— _:m,/l\‘ _o.mEJw
.u..n... —_— (1'2°6)16 — {0'1'2)6 —— €16 — 12} — fhonmnd —
ewo Y wzagr ovaigl S\ w0\ .M__.om_.\ \ .%%j
B e T
§ 01¥02
odg W ag pu odg dU Sg sU od, g, pu od, QU S, su v

(W) A9Y3NI
Figure 1. Grotrian Diagram of the neutral helium atom, from reference 11.




repopulating these states at significant distances from the arc. Two possibilities are considered
below; excitation through absorption of photons emitted from the arc in the nozzle, or collisional

excitation processes.

The energy level of the metastable states is approximately 20.6 eV, while the translational kinetic
energy of a helium atom at 10 km/s (corresponding to 1000 seconds Isp) is 2.1 ev. Thus, a metastable
fraction of 102 will correspond to ~1% of the arcjet input energy. Metastable fractions smaller
than 10~2 will not result in any appreciable frozen flow loss.



2. Previous Helium Arcjet Work

After a small initial effort on helium arcjets in the early 1960’s, very little additional work was done
to evaluate their potential application, primarily because of propellant storage concerns. These
problems appear now to be solvable.!? Preliminary work in this laboratory!® indicated that high
efficiency operation of helium arcjets might be possible, but several issues remained to be resolved.
The first experiments in this laboratory showed that, in contrast to hydrogen or ammonia, helium
arcjets are unstable on time scales ranging from fractions of a second to tens of minutes. Specifically,
using a constant mass flow, and a constant current power supply, the measured voltage, power, and
thrust of the arcjet fluctuated by up to 40% over periods of seconds to minutes. The cause of the
observed instability in helium operation is unknown. On the other hand, hydrogen operation has
been observed to be stable within 1% for hours at a time.!3

It has also been noted during those and subsequent!? helium arcjet experiments that addition of a
small amount (~1%) of hydrogen to the flow had a significant effect on plume appearance as well
as on arc stability. In addition, it was thought possible that hydrogen, with its lower ionization
potential, might act as the primary current carrier, minimizing excitation of the helium metastable
states that are the primary frozen flow loss mechanism of the helium arcjet.

With this background in mind, a set of experiments has been planned to evaluate the utility of
helium arcjets for the LEO-to-GEO transfer. An earlier paper!* reported on a series of experiments
in which the effects of arcjet configuration, mass flow rate, and propellant composition were evaluated
through measurements of arcjet performance. This paper reports on emission spectra obtained from
the plume of an arcjet operating on helium with a hydrogen seeding rate varying from zero to 10%
by mass.




3. Experiment Description

These experiments were conducted using an Aerospace manufactured derivative of the NASA-Lewis
1 kW laboratory model arcjet.!®> Power to the arcjet was supplied by a regulated dc source and a
nominal 1 kW arc power conditioner supplied by NASA-Lewis. This unit was capable of supplying
up to 15 amps to the arc. In this set of experiments, arc current was held constant at 14 amps. Arc
voltage varied between about 50 and 80 volts, depending primarily on propellant composition.

Propellant feed to the arcjet is controlled by MKS model 1259B flow meters which operate by
monitoring the thermal effects of the flowing gases. In our configuration, the flow is metered upstream
of the flow controller, so that the flow meter operates at regulator supply pressure (typically 50
pounds per square inch), independent of arcjet feed pressure. The flow meters are each calibrated
for their respective gases by flowing the gas through either a 100 ml or a 1.0 liter bubble meter,
depending on flow rate, downstream of the flow meters and flow controllers.

These experiments were conducted in a vacuum chamber of 0.5 m diameter and 1 m length. The
arcjet exhaust was pumped through a diffuser to a roots blower backed by a roughing pump. The
vacuum chamber was also pumped by a set of roughing pumps. Chamber pressure during these

experiments was typically about two torr.

Emission spectra were obtained by imaging the centerline of the plume of the arcjet onto the entrance
slit of a GCA/McPherson model 2051 spectrograph. The exit slit of the spectrograph was imaged
by a Princeton Instruments liquid nitrogen cooled ccd array having 298 by 1151 25 um pixels. For
this experiment the array was operated at a temperature of -80 C. The array was oriented relative
to the exit slit such that each pixel on the short axis of the array corresponded to a distance of 0.43
mm on the axis of the arcjet plume. With a 150 lines/mm grating in place in the spectrograph,
each pixel on the long axis of the ccd array corresponded to a wavelength interval of 0.22 nm.
Wavelength calibration for a given set of images was provided by assigning the known lines of the
helium spectrum. This configuration provided for the simultaneous acquisition of emission spectra

at a number of positions along the axis of the plume.



4. Experimental Results

In the current set of experiments, particular attention was paid to the effect of hydrogen seeding.
The hydrogen seeding resulted in changes in plume appearance similar to those noted earlier; a
significant reduction in the overall optical emission from the plume, and a change of color from
yellow toward red. The color change can be attributed to a shift from helium to hydrogen as the
dominant emitter, which occurs as the hydrogen fraction is increased. Figures 2 and 3 show survey
spectra of the emission from the plume for two cases. In the first case, the propellant is pure helium,
while in the second case, hydrogen is seeded at 5.6% by mass. The figures show the spectra plotted
on a log scale on the intensity axis in order to bring out some of the details of the weaker lines.
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Figure 2. Emission spectrum of the arcjet operating on pure helium.

In the pure helium case, the lines are, in all but a few cases, assignable to atomic helium transitions.
Indeed, several series of lines corresponding to certain lower energy levels are easily identifiable.
The few lines not attributable to helium atomic transitions can be assigned to the hydrogen Balmer
series. These probably arise from residual hydrogen or water contaminating the system. In the
second spectrum, with hydrogen seeding at 5.6% by mass, the atomic helium emission is reduced
by two orders of magnitude relative to the pure helium case, and the spectrum is dominated by the
hydrogen Balmer series.

This effect is further illustrated in Figure 4 where the intensity of four lines in the helium emission
spectrum are plotted as a function of hydrogen concentration. The four spectral lines used to
generate Figure 4 are 4'P-2!S at 396.5 nm, 4!D-2'P at 492.2 nm, 43P-2%S at 318.8 nm, and 4°S-
93P at 471.3 nm. Except for the 4'P-21S line at 396.5 nm, all lines decrease to less than a few
percent of their original intensity with the addition of 5% hydrogen. As the hydrogen concentration
is increased, the intensity of the helium 4'P-2!S line is overwhelmed by the hydrogen Balmer-¢ line
(n=7) at 397.0 nm.

Figure 5 shows expanded detail on the spectrum of the pure helium case. In this figure, six series of
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Figure 3. Emission spectrum of the arcjet operating on helium with hydrogen seeded at 5.6% by

mass.
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Figure 4. Emission from the 4!P-2!S, 41D-2!P, 43P-23S, and 4S-2°P lines of helium as a function
of hydrogen flow rate.

lines are identified, corresponding to the transitions n3P-238, n!P-2'S, n®D-2°P, n!D-2'P, n'S-2'P,
and n3S-23P.

In the spectrum shown in Figure 5, the n=4,5,6,7,8 lines in the n3P-23S series are strong enough

and sufficiently well defined to allow an electron temperature to be determined using the method of
the Boltzmann plot. This method is derived from the expression for the intensity of a spectral line

2mhc?r .
I'= =59 Noe™ /T (4)

where A is Planck’s constant, ¢ is the speed of light, o is the electron radius, X is the wavelength
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Figure 5. Detail of the emission spectrum of the pure helium arcjet showing several series of emission
lines labeled as follows: A, n3P-23S; B, n'P-21S; C, n®D-2°P; D, n!D-2'P; E, n3S-23P; and F, n'S-
2!P. The two lines labeled H at 434.0 and 486.3 nm are the n=>5 and n=4 lines of the hydrogen
Balmer series.

of the line, g is the statistical weight of the lower energy level, f is the oscillator strength, Ny is
the total atom density, E, is the energy of the upper state, k is Boltzmann’s constant, and T is
the electron temperature. By plotting E, against kin(IX3/fg) one obtains a line with the slope of
-1/T.
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Figure 6. Representative Boatsman plot. The least-squares best fit straight line corresponds to a
temperature of 2608 K in this case. The lines corresponding to 2300 K and 2900 K are shown to
provide an estimate of the uncertainty in the calculation.

A representative plot is shown in Figure 6. The data point for the n=3 line is also shown, but it is

9



not used in determining the best fit straight line. It appears to fall well below the line which fits
the n=4,5,6,7,8 points, which is probably due to self absorption of the n=3 line in the plume. The
current experiment does not provide sufficient spectral resolution to make meaningful measurements
of line shapes, so self absorption cannot be easily evaluated. Future plans include these line shape
measurements. The electron temperature indicated by the slope of the best fit line in Figure 6 is
2608 K. A + 300 K estimate of the uncertainty of this measurement is obtained by plotting lines
corresponding to temperatures of 2300 and 2900 K on the same figure.

With the available data, electron temperatures can be determined as a function of hydrogen con-
centration in the propellant, and as a function of position along the axis of the plume. Figure 7
shows the temperature of the plume as a function of hydrogen concentration, as determined from
the n=4,5,6,7 lines of the n®P-23S series. With pure helium, the arcjet operation tends to be some-
what unstable, leading to a large scatter in the temperature reading. On the other hand, as the
hydrogen concentration increases, the emission from these lines decreases, making the temperature
determination more uncertain. To improve the signal-to-noise ratio, data were averaged over the
first 7.5 mm beyond the exit plane of the nozzle. Within the uncertainty limits, there appears to be
no measurable difference in plume temperature as a function of hydrogen concentration.
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Figure 7. Plume electron temperature as a function of hydrogen flow rate.

Similarly, the temperature of the plume for a given operating condition can be determined as a
function of distance from the exit plane. In this case, the data become more uncertain with increasing
distance from the exit plane because of the decrease in emission intensity. Figure 8 shows the
temperature of the plume as a function of distance for an arcjet operating on pure helium. The scatter
in the data gives an indication of the uncertainty of the measurement. Within this uncertainty, there
is no obvious trend toward a change in plume temperature with distance.

In addition to the temperature of the plume, one can obtain useful information by observing the rate
at which the plume emission intensity falls off as a function of distance from the throat of the arcjet.
The four lines used to generate Figure 4 are used again in Figure 9. In this case, the intensities of
the lines as a function of distance from the throat are shown for a case using pure helium. Also
shown on Figure 9 is a solid line illustrating a 1 /% decay in intensity. It is seen that the four lines
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Figure 9. Emission intensity of the 4'P-2'S, 4'D-2!P, 43P-23S, and 4°D-23P lines of helium as a
function of distance from the nozzle throat, as compared to a 1/r® decay.

all decay at approximately the same rate, and that this is approximately a 1/ r3 dependence.

In order to understand the significance of this result, one needs to consider several factors. First, the
imaging system used to obtain the spectra sees essentially a thin slice, or plane, which contains the
axis of the arcjet. Second, the expansion of the plume in this region is essentially conical. These two
factors combined should result in a 1/r dependence for the number of atoms seen by the imaging
system. On the other hand, the further decrease in emission intensity cannot be explained by a
simple decay in the number density of the excited states due to electronic emission. The lifetimes
of the upper states for these four lines are on the order of 10 ns, during which time the atoms will
travel no more than 50 micrometers. Since the plume persists over a distance of 10’s of millimeters,
some mechanism must be repopulating the upper states as the plume expands. Two possibilities are
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considered, photo-excitation due to absorption of photons emitted from the arc in the nozzle of the
arcjet, and collisional excitation involving free electrons in the plume. Atom-atom collisions can be
neglected because of the much lower mobility of the atoms relative to the electrons. Photo-excitation
requires, in addition to photons of appropriate energies, a reservoir of atoms in states which can be
optically coupled to the excited states. The four emission lines used to generate figure 9 originate
from the 4'P, 41D, 43P, and 43D states. The possible reservoirs of atoms which could be photo-
excited would include ground state helium and the two metastable states. Reference to the Grotrian
diagram in Figure 1 shows that the 4'P, and 43P states can each be optically coupled to one of the
metastable states. In addition, the 4!P state can be optically coupled to the ground state. On the
other hand the D states cannot be directly coupled to either the ground or metastable states, and
could only be photo-excited through an intermediary state. As such, if the excited state population
were being maintained through photo-excitation from the direct arc emission, the emission lines
originating on the D states would be expected to decay more rapidly with plume expansion than
would the emission lines originating on the P states. The observation that they decay at the same

rate implies that another mechanism must be operating.

That the excited state population is maintained by a collisional process is further implied by the
1/r® decay rate. Because the plume is expanding in a conical manner, the absolute number density
of atoms in the plume should fall as 1/72. The collision rate should be proportional to the number
density. This 1/r? factor, combined with the 1/r factor derived from the imaging system, leads to
the expectation that the emission intensity of the helium lines should fall as 1 /3 where r is the
distance from the throat of the arcjet. Note that the throat is the appropriate reference point as
this is the apex of the conical expansion which leads to both the 1/r and the 1/r? factors.

12




5. Summary and Conclusions

As discussed above, the observation that the emission from the plume falls as 1/r3 with the distance
from the throat of the nozzle implies that the population of the electronically excited helium states in
the plume is controlled by a collisional process. Since the lifetimes of the non-metastable states are
short compared to the transit time through the plume, they should be in thermal equilibrium with
the metastable states and the electrons in the plume, and the number density of the excited states
should be directly proportional to the number density of the metastable states. Since the emission
falls as 1/r%, there appears to be no significant mechanism for de-excitation of the metastable states
beyond the exit plane of the nozzle.

The second principal observation of this experiment is that the introduction of hydrogen seeding
results in a very large decrease in the emission from the upper excited helium states. As the upper
electronic states of helium are apparently maintained in thermal equilibrium with the metastable
states through electron collisions, the decrease in visible emission from the excited helium lines with
increasing hydrogen concentration would imply a corresponding decrease in the number density of
both the upper excited states and the metastable states.

On the other hand, one would expect that this reduction in metastables would have some effect on
the electron temperature of the plume, which is not observed. In addition, since the metastable
states carry about 20 eV of energy, it might be expected that the decrease in the metastable number
density would affect the electrical efficiency of the arcjet. This was not observed in earlier work.!*
One possibility is that the decrease in frozen flow loss to the metastables is taken up in frozen flow
loss to the hydrogen, through dissociation, and ionization. An alternative possibility is that the total
number density of metastables in the plume is small enough that even in the pure helium arcjet, they
do not contribute significantly to the frozen flow. Further experiments will be required to determine
the actual metastable number density in the plume.

As with the previous performance studies, hydrogen seeding cannot yet be completely discounted as
a method of improving the utility of helium arcjets. In this work, although there was an apparent
large decrease in the number of helium metastables with increasing hydrogen flow, there was no
change in plume temperature. In the earlier work, hydrogen seeding at about 1% by mass did
contribute to arc stability under almost all operating conditions. On the other hand, the trends
were toward a smaller effect as propellant flow rates and cathode gaps were increased, and hydrogen
seeding may be unnecessary with the configurations, power levels, and flow rates appropriate for
space propulsion applications.

Further information about the frozen flow loss mechanisms in the helium and hydrogen-seeded helium
arcjet may be obtained through additional optical diagnostic methods, including higher resolution
emission spectroscopy to obtain line shapes, which are an indicator of electron number densities,
and atomic absorption studies to directly measure the number densities of the helium metastables.
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